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This is one of a number of parallel studies examining various rotor
blade desipn concepts emphasizing reliability and maintainability. K
' Other concepts that have been studied are repairable and sectionalized

rotor blade designs., A parallel expendable rotor blade study has been
performed by Sikorsky Aircraft. These design studies are aimed at
achieving considerable improvement in rotor blade R&M characteristics,
thereby reducing life-cycle cost. To achieve comparability, all blade
designs are required to match UH-1D/H characteristics, and life-cycle
cost is compared to that for the UH-1D/H.

This study concentrated on designing a low-cost rotor blade that is

more cost effective to scrap than to return for depot level repair., The
design selected featured a spar assembled from formed stainless steel
shect with the afterbody fabricated from Nomex honeycomb and fiberglass
skins. 1Tt was calculated that the blade life-cycle cost would be one-
third less than that of the current UH-1D/H.

The cost results, although valid for comparative purposes, cannot be
considered on an absolute scale. The blade design selected and the repair
kits and procedures arrived at in this study must also be tested under
operational conditions, as must the structural integrity of the repaired
blade.

The conclusion that field-expendable rotor blade designs, as presented

in this Phase I report, are cost effective is supported by the results

of the parallel design study, although a different design approach was
selected. A Phase II report with comparative radar cross-section mea-
surements for simulated Design IT and UH-1 rotor blades is in preparation.
The results of this study and other related efforts are being considered
in a recently initiated procurement for the design and development of a
field-repairable/expendable rotor blade concept.

The program was conducted under the technical management of Philip J.
Haselbauer, Technology Applications Division, with engineering support from
Joseph H. McGarvey, Military Operations Technology Divisian.
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SUMMARY

This repourt presents the results of a design study performed
to cdetermine the feasibility and cost advantages of expendable
main rotor blades. The concepts investigated were designed

to match the Army UH-1H helicopter paramaeters. The blade
concepts were examined from the technical feasibility, manu-
facturing cost, repairability, and maintainability stand-
points, all of which were integrated into an overall life-
cycle cost analysis.

Four concepts were investigated, of which three were pro-
jected to have life-cycle costs lower than those of the
current UH-1H main rotor blade. A blade of simplified all-
aluminum construction was shown to have the lowest initial
procurement cost, while one fabricated from stainless steel
sheet and glass-fiber-reinforced plastic was projected to
have the lowest overall life-cycle costs.

The recommendation is made that detail design be undertaken
of a stainless stcel and fiberglass blade, and that an
evaluation quantity be built.
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FOREWORD

' This design study of expendab)e¢ main rotor blades for heli-
. copters was performed under Phase I of Contract DAAJ02-71-C- [
. 0041 (DA Task IF162205A11901) with the Eustis Directorate, U.S. |
: " Army Air Mobility Research and Development Laboratory, Fort i
Eustis, Virginia, under the general technical cognizance of
Mr. Philip Haselbauer of the Structures Division.® This ex-
' pendable blade study is one of several heing performed to ]
investigate means of reducing overall rotor blade costs to j
the Army. Other studies cover repairable and sectionalized ‘
- blade concepts.

. The authors acknowledge the contributions made by Messrs. J.D. j
Carroll, F. Starses (who wrote, respectively, the reliability

and naintainability sections), G. P. Basile, G. Halvorsen,

D. H. Lathrop, F. A. Ruocco, and P. Sevenoff of the Kaman

Aerospace Corporation technical staff. ;
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*Name changed to Technology Applications Division
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INTRODUCTION g

The cost of acquiring and maintaining a fler¢ of helicopters
is affected in large measure by the costs associated with the
main rotor blades. For a bhelicopter fleet operating in an
area geographically remote from the rotor bhlade supplier and
repalr depot, logistic costs, particularly those associated
with return for overhaul and repair, add significantly to the
overall costs. The purpose of this study is to determine

= design concepts which will have sufficiently low initial pro- ;
curement costs, in relation to their susceptibility to damage, §

that abandonment of a damaged rotor blade, at some level of
. repair short of that requiring return to a major repair depot,
becomes cost-effective.




DISCUSSION

All helicopter rotor blades are repairable to some degree,
but the decision whether to repair any specific external or
inherent damage or to scrap the blade is dependent on a
complex relationship between many factors. Logistics, cost
of repair, availability of technically qualified personnel,
initial cost, availability of new blades, remaining allowable
service life, and reliability and performance of the repaired
blade must all be considered. At the extremes of the initial
cost spectrum, the decision in any specific instance is
relatively clear-cut: a very expensive blade should be re-
paired whenever possible, whereas an inexpensive blade can be
economically scrapped before making even a relatively simple
repair. Because the most expedient and reliable approach is
always to scrap the blade, the aim of this study is to deter-
mine methods of reducing the life-cycle cost of helicopter
main rotor blades by reducing initial cost.

Any new rotor blade must meet the requirements of the heli-
copter on which it will be installed and of the missions on
which it will be used. Although this study is general in its
applicability, the validity of each concept should be tested
by its suitability for a particular aircraft. Therefore, the
blade concepts studied in this program are designed to be
flown on the Army UH-1H helicopter, and all the significant
design parameters have been chosen to meet this objective.

The present UH-1D/h main rotor blade provides the basis of
comparison for the blade weight, strength, bending stiffnesses
in- and out-of-plane, natural frequencies, static and dynamic
bending moments, static droop, mass balance, centrifugal loads,
and aerodynamic characteristics. The minimum deviation from
these characteristics has been sought for each of the concepts
studied.

The first step to take in cost reduction is in the direction
of simplification. For this reason, minor differences, par-
ticularly in the distribution of section properties, have
been considered acceptable. The airfoil contour of three of
the four concepts studied has been simplified by moving the
maximum thickness location forward to allow for straight
flanks over most of the aft section, but the effect on aero-
dynamic characteristics will be negligible. In all of the
concepts, no taper or straight structural tapers have been
incorporated, avoiding structural steps and discontinuous
components, significantly reducing the number of detail parts.
In all of the concepts except the fourth, which was dis-
carded for other reasons before completion of the study, the
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overall mass, inertia, balance, and static properties of the
UH-1H main rotor blade have been almost, but not exactly,
equalled. The minor refinements required to finalize the
overall properties are considered more properly accomplished
in the detail design phase than in a conceptual study such as
this. Detail changes, such as the addition of tip weights,
are shown to have sufficient effect that all desired charac-
teristics can be achieved without difficulty. Because of
design differences, particularly in spanwise mass distribution,
it is impractical to equal all the physical parameters of the
present blade. For example, aithough it is possible to
duplicate the total weight and the first moment about the
center of rotation (and consequently, the centrifugal force),
the second moment will be slightly different. Such minor
changes will not affect flying qualities.

This same limitation applies to the method proposed for
achieving dynamic interchangeability between the blades in a
production series, since thHe blades can only be mass balanced
to correct two of the design parameters. Again, however, the
slight variations in the other parameters arising from manu-
facturing tolerances will have no effect on flying gqualities,
and will, in fact, be at least as close as is typical of any
rotor blade production series, including the current UH-1H
blades. Mass balance is corrected during production by the
adjustment of two variable weights in the tip, forward and
aft of the mass axis. The same variable weights can be used
to correct the balance after minor repairs.

Early in the study, it became apparent that a completely
expendable blade wculd be impractical. No matter how inex-
pensive the blade, there would always be some minor damage
which could be blended out, filled, or painted over with such
small effort that abandonment of the blade would be uneconomic.
It was decided, therefore, that the level of expendability
would be limited to damage sufficiently extensive to require
return to a fully equipped repair depot. Those repairs which
could be performed in the field, either at the organizational
or intermediate maintenance level, with normally available
personnel, tools, and materials, were considered acceptable.
Fo. the three blade design concepts for which this study is
completed, a repairability study is therefore included.

Since the frequency of repair or scrappage is a significant
factor in the overall life-cycle costs, a survivability
analysis has been performed. Any design features which could
be expected to have a deleterious effect on reliability were
avoided, if possible, in each of the design concepts.
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The life-cycle costs have been derived based on these basic
factors of initial cost, survivability, and repairability. 4
The three design concepts studied to completion are compared i
on this basis with each other and with the present "H-1D/H )
main rotor blade. ]
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ANALYS1S METHODOLOGY

The detail analysis periormed on cach of the concepts
evaluated consists of four phases:  the technical analysis
(section properties, weight and balance, dynamic loads and
moments, and stress analysis), the reliability analysis, the
maintainability analysis, and a life-cycle cost analysis
which synthesizes the results of the previous analyses into a
presentation of the cost per blade for the operational life
of a fleet of helicopters. Integrated into the life-cycle
costs are the manufacturing costs associated with each design
concept. One design concept proved to have prohibitively
high manufacturing costs and was dropped from the study
before initiation of the reliability analysis phase.

Technical Analysis

The contractor's standard computer program was used to
generate the mass and stiffness properties of the significant
cross sections of each design. This program accepts a series
of coordinates describing points on the boundary of each
component, and generatcs the geometric properties (area,
centrcid, and first and second moments of area about a pair
of orthogonal axes, and the product of inertia about these
axes) of the component section. These geometric properties
are then multiplied by the respective material weight den-
sities and summed, giving the total section weight and
inertia per unit length and section center of gravity, and by
the respective material moduli of elasticity, which are
summed for the total section axial and bending stiffnesses
and the neutral axis. For unsymmetrical sections, the mass
and stiffness principal axes can be determined by equating
the mass and stiffness products of inertia to zero. All

four design concepts, however, have symmetrical airfoil
sections, while only Design 3 has slightly unsymmetrical
internal structure. The chord plane, therefore, lies along
one principal axis in three concepts and is insignificantly
displaced from it in Design 3.

The section properties so generated were then introduced into
the contractor's standard dynamic analysis programs, and
natural frequencies and dynamic (flight) bending moments were
determined. Integrated blade weight and balance and static
bending moments and deflections were found using another
computer program.

Finally, standard plane section stress analysis techniques
utilizing the section properties and dynamic bending moments
were used to determine flight stresses and fatigue margins
of safety, as described in the stress analysis section.
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Reliability Analysis

The reliability and survivability of Designs 1, 2, and 3 were
evaluated using the known history of the current UH-1D/H main
rotor blades as a base (Table H-I of Reference 2). The
incidents in the reference were expanded to provide a failure
modes and effects analysis for the current blade (see Appen-
dix I), and the number of occurrences of each incident was
adjusted to agree with those given in the reference.

The failure modes and effects analysis generated for the
current blade was then modified for each of the expendable
design concepts, by adjusting for the known and anticipated
characteristics of the materials and details specified for
each design.

The relative survivability characteristics of each of the
three expendable concepts could thus be compared with each
other and with the current UH-1D/H main rotor blade.

Maintainability Analysis

Each of the types of damage investigated and evaluated in the
failure modes and effects analyses was examined .to determine
its repairability. This examination determined the ultimate
disposition of each damage incident: whether it should be
repaired at the organizational or intermediate level, or
whether it should be scrapped.

For those types of damage for which a repair was considered
acceptable, the man-hours to perform the repair and the
material costs associated with them were generated. From
these figures and those for scrappage, the maintenance costs
per unit of blade and aircraft life were determined.

Life-Cycle Costs

For each of the three acceptable expendable blade design
concepts, the manufacturing labor, material, and burden costs
were analyzed, and the initial cost of varying production
quantities at varying rates of production was determined for
each design. These costs were obtained on a basis comparable
with that for the current blade. The 10,000th unit was used
for the comparison.

These initial costs (to the Army) were combined with main-
tenance, replacement, and attrition costs to give the total
life-cycle costs, using the cost model below.
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Cost Model

The cost model proposed Lo develop expendable blade program
costs is shown schematically in Figure 1. The model is
arranged to generate costs per aircraft life cycle in the
following three categories:

1. 1Initial Costs
2. Operating Costs
3. Attrition Costs

It should be noted here that attrition in this program is
used to denote blades lost to other than blade damage events,
and is included to provide a realistic appraisal of the total
blade requirement during the program life cycle.

Input data for the cost model consists of a given expendalle
blade design concept and a distribution of external blade
damage events supplied by the Army as shown in Appendix I.

A reliability failure modes and effects analysis for each
blade design concept determines the blade time between
inherent and external damage and the disposition of blade
damage. A maintainability analysis provides the repair times,
repair procedures and repair kit contents and costs. Stan-
dardized blade cost model input values supplied by the Army,
such as aircraft life, external blade damage distribution,
shipping costs, and maintenance cost per man-hour, are applied
along with contractor-generated inputs such as new blade
costs, repair criteria, kit costs, and repair man-hours to
determine life-cycle program costs.

Model Input Data

Cost factors that vary with expendable blade design concepts
are defined as follows:

Chp = Cost of a new blade FOB

Cp = Cost of recpair kit FOB

CE = Cost of any GSE required per aircraft

Tr = User repair MMH required, mean per repair

AQT = Allowable blade operating time due to fatigue

criteria, blade hours

Kgrop = Fraction of damaged blades repaired ot
organizational level

B ket o e sl il it oae > ek
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Figure 1. Expendable Blade Cost Model Schematic.
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Kpso

. Additiona
, are incor

BRF ~ Fraction of damaged blades repaired at the

intermediate level

= Fraction of damaged blades scrapped at the user
level

1l life-cycle cost elements common to all blade designs
porated into the following cost equations.

Aircraft Life-Cycle Blade Damage

=z

BTBD

N.L
N = N .
bf (BTBD N)

= Number of blades damaged per aircraft 1life
cycle

= Number of blades per aircraft

= Aircraft life cycle, flight hours

Blade time between damage, blade hours

1. 1Initial Costs

a.

These consist of blade costs to equip production
aircraft and provide spares.

Aircraft Outfitting

Only the FOB price of the new blades is c-nsidered
here. Other costs such as pPreparation anu instal-
lation are small compared to the new blade costs
and are neglected since they occur only once in
the aircraft life cycle.

CO . N .Cnb

where Co

SEares

Since the cost model is not time phased but con-
sidered as a single 10--year life-cycle analysis,
initial spares costs are developed to reflect

blade repairability during the aircraft life cycle
as opposed to using a given percentage of installed
blades. For this analysis, operating spares are
accounted for by operating cost elements described

Blade cost to outfit one aircraft.




later. In order to fill the initial spares require-
ment, all blades scrapped over a six-month period
must be procured to maintain the system. Since the
aircraft life cycle is 120 months, a six-month re-
quirement is 1/20 of that for the aircraft life
cycle and the initial spares cost is

Cs =[Nbf/20] [ (Kps*Kpp) (Cnp*Cc*Csa) +

(Kro+KBRF) (CpCsp)]  + CE /20

where Cq = 1Initial spares cost per aircraft

life cycle

Kgs = Fraction of damaged blades scrapped

Kgp = Fraction of damaged blades fatigue
retired *

Ce = Container cost

Cgpa = Blade air-shipping cost

Csp = Shipping cost of repair parts as a

fraction of cost

Combining the cost to outfit production aircra.’t
with the initial spares cost yields

Initial Cost = Co + Cs

*Estimate of fraction of blades fatigue retired - Data from
Reference 1 shows that for the UH-1D/H, 1.06% of the damaged
blade removals were due to reaching an allowable operating
time of 2500 hours. For the AH~1G/UH-1C aircraft, 4.76% of
the removals were due to reaching an AOT of 1100 hours. 1In
addition, assuming that when the average blade operating time
per aircraft life cycle reaches the allowable operating time,
scrap damage must be zero or, conversely, the blade is fully
repairable. This provides a set of data with variations in
both repairability and AOT.




Operating Costs
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As shown in the cost model schematic, operating costs
consist of: ;
1

Organizational/intermediate level cost of blade
Aamage repair.

Jrganizational/intermediate level cost of blade
Jamage scrap.

When a failure modes and effects analysis is applied to 1
the expendable blade candidates, the fraction of blades
damaged for each of the above categories is determined.
Operating costs are then developed based on a maintain-
ability analysis of replacement parts cost, labor costs
and shipping associated with each category as follows: r

a. Organizational/Intermediate Repair Cost

CRo = Npf [Cm(M1+TR)Kppp+Cr (Mp+TR)Kppo + ;s

(CpCqp) (KBRF+KpRo)] + CE

o A

where C = Organizational/intermediate level
RO : :
repair cost per aircraft life cycle

Cm = Organizational level labor rate

M; = MMH to inspect, disposition, remove
and replace a blade

M) = MMH to inspect and disposition
damage

The above expression allows costs to be determined
for damage repair on the aircraft (Kgppg) and with
blades removed (Kgpp)-.

b. Organizational/Intermediate Level Cost of Blade

Scrag

The analysis assumes that every effort will be made
to scrap at the user level both excessively damaged
blades and those that have reached their fatigue
life limit.

11




Cso = Npf (KpgotKpp) [Cnb+C5A+Csc+Cm(M3)]

! where Cgq Organizational/intermediate level
' scrap costs per aircraft life cycle

Cge = Container shipping ccst

M3 = MMH required to inspect and
disposition damage, remove and
replace blade, and requisition
and obtain replacement

K
Assuming Kgp = f {(l-\i;%)} = ¢ (kgp)" / (aOT)™ and

utilizing the data from above to resolve the
3 constants,

where Kygr = Overall fraction of blade damage
repaired

Attrition Cocsts

These costs are considered in addition to program costs
resulting from blade damage events as noted earlier.
Since the blade may be used at the airframe origin, the
depot level, or in the field, the only attrition costs
used here are for the new blade and assumed transporta-
tion.

Ca = Kp (Cpp + Cgp)
where Ca Attrition cost per aircraft life cycle

Kp Number of blades lost to attrition

Summation of initial, operating and attrition costs provides
a reasonable measure of blade program costs during the life

cycle of the aircraft. There are other cost elements involved
in the total program that are not included in this model be-
cause they are not readily available and because their effect
is relatively minor. Some of these are:

Performance degradation due to repair.
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Facilities and equipment not presently envisioned.
Shipping costs from one user location to another.

Total program costs are readily generated knowing life-cycle
. cost per aircraft and applying it to the desired fleet size.
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DESIGN CONCEPTS

The four design concepts which were examined during this
program are shown in Figures 2 through 5. These concepts
were chosen because the number of component parts is
minimized and the components themselves are simplified; thus,
the first cost of the delivered blade will be sufficiently
low that it will be cost-effective to scrap a damaged blade
rather than to return it for repair. The susceptibility to
external and inherent damage of the various blade and com-
ponent designs and materials was considered in the light of
possible trade-off between first cost and service life.
Table I presents the design features of each concept.

Design 1

This concept is illustrated in Figure 2 and is the closest to
conventional current practice of the four under study. It
consists of an extruded aluminum alloy spar, aluminum alloy
aft skins supported by aluminum honeycomb core, and an alu-
minum alloy extruded trailing-edge spline, assembled by
adhesive bonding. To minimize the number of parts, the spar
is extruded with relatively heavy walls, and with the nose
portion of considerably heavier thickness to provide integral
section balance.

To facilitate carving of the aft core, the airfoil section is
modified from that used for the current blade. The basic 12%
thickness of the 21.0-inch cord is retained, but the ordinates
of the forward 42% of the airfoil are those of an NACA 0015
section on a 16.8-inch chord. Straight lines are then drawn
tangent to this contour to complete the airfoil at 21.0
inches. The primary effect of this modification is to allow
straight line carving of the aft core, by bandsaw or similar
simple method; this advantage is the reason for choosing the
modified airfoil. 1In addition, the forward location of the
maximum thickness and the larger ordinates close to the nose
make: the section easier to balance. Aerodynamically, the
slightly increased curvature in the region of maximum thick-
ness will lower the critical Mach number, but because the
overall thickness ratio is not increased, this effect will be
small. On the other hand, the increased nose radius will
increase the maximum lift coefficient, allowing a minor re-
duction in tip speed to compensate for the reduced critical
Mach number. Both effects are expected to be negligible,
however, so that the net effect on performance will be well
within tolerance even with no change in rotor speed, and will
be far outweighed by the reduction in design and manufacturing
complexity.

14
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DESIGN CONSIDERATIONS

2. CONSTRUCTION SIMILAR TO PRESENT
UH -1 BLADE .
3. CONSTANT SECTION EXTRUDED SPAR .
4. LIMITED VARIATION N SECTION PROPERTES .
5. STRAIGHT-SDED HONEYCOVB CORE
“OR SIMPLE CARVNG .
FABRICATION

AIRFOIL SECTION MODIFIED TO PROVIDE
STRAIGHT—SIDED AFT  SECTION .

PROCESSING SAME AS PRESENT C_ADE .

RELIABILITY AND MAINTAINABILITY

THICK LEADING EDGE TOLERANT OF
ABRASION DAMAGE .

. LEADING EDGE READILY BLENDED TO

REMOVE DAMAGE .

. DAMAGED AFT SECTION CANNOT BE

REPAIRED IN FELD .

Figure 2. Design 1, Expendable Rotor Blade,
All-Aluminum Structure.
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DESIGN  CONSIDERATIONS

W

. AIRFOL SECTION MODIFIED TO PROVIDE
STRAIGHT-SIDED AFT SECTION .
. SPAR ASSEMBLED FROM SIMPLE FORMED

STAINLESS STEEL SHEET.

. UTILIZES EXISTING RETENTION .
. GLASS FIBER REINFORCED AFT SECTION TO
MINMIZE STRESSES DUE TO BONDING TEMPERATURES .
. SECTION PROPERTIES TAPERED TO MATCH

PRESENT UH-I BLADE .

. PRETWIST OF SPAR COMPONENTS NOT REQUIRED
. INTRODUCTION OF AIRFOIL VARIATIONS POSSIBLE .
. AFT SKINS LOCALLY THICKER UNDER

kOOT DOUBLERS .

. LIGHTWEIGHT "NOMEX" HONEYCOMB CORE
WITH STRAIGHT SIDES FOR SIMPLE CARVING .

FABRICATION

. AFT SKINS AND TRAILING EDGE SPLINE
LAD UP AND CURED SEPARATELY.
2. FINAL BONDING SMILAR TO PRESENT BLADE .

RELIABLITY AND MAINTAINABILITY

S

INHERENT ABRASION RESISTANCE WITH

STAINLESS STEEL SPAR.

. RUGGED DAMAGE—-RESISTANT SPAR .
. AFT SECTION REPARABLE IN FIELD .
. H'GH FATIGUE RESISTANCE .

Figure 3. Design 2, Expendable Rotor Blade,
Formed Sheet Metal Spar.
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Two Basic Extrusions.

Preceding page blank

21




£

Sl did Lias datbadaid it Mt sl it o e dt

‘u
1
L
B

PO

—ROOT DOUBLERS

TP
— D

SECTION A=A

g.
gor Blade,




|—<>I]3

—c=(3

- =10

/AFT SECTION
j

SECTION [3=[8




TRIM TAB‘/




| |
?
\ |
a 3 g
i
| VR
TRIM TAB




it

T T P PR T Sy T T Catit el feilime i 2

Y PN T

i

9L-1909 91-T909
sqaM TeoT313A AOoTTv wnutwniy Ao11v umutumiy
Texbajug Teaboajzur papnayxzy Teaxbajzur papnaxyix3y y ubtrsag
bL-¥202
‘qam aeays
aueld pIoyd
9L-1909 399ys LoTiv 4A1g-z or13Iseld 9L-1909
AoT1v umutumiy °TV¥ Y3ITM quOd podaojuray Ao11v umurumiy
papna3xg -ASuUOH _ X3WON,, ~-29qTJ-88eIH 1eabajzur popnIaIxy ¢ ubrsaqg
o13se1d T0E-ISIV
pa@o3a03utay (,XauWoN,) quod A1d-g 9T3IBPId 19235 8891 T0€-ISIV IS
-X9qTg-Sseid -Kauoy aadeg padx0o3utay ~uTR3S umexaqg 19935 8837
TeuoT31o9xTpTUN apturiAtod ~-19qT3-ssero I0 pepnI3IxXy -~-ule3ls pawrog Z ubtsaqg
9L-1909 bL-v202 9L-1909
Ao11vY unutumiy quodAauoH 399ys Aof1v LoT1v umutemiy
papniyxg wnuTUNTY unutumiy perd Teabajug papniix3 1 ubisaqg
auttds 810D SUTYS Iseyred 9sON axn3oniys uoraevanbIIuo)
uoT3Od8s 3IIV zeds utew
adIaNys SNOSISIQ dAQwWid I ITI9VL

Preceding page blank

23




For protection against abrasion and ercsion, a cobalt alloy
abrasion sheath, similar to that installed on the current
blade, is provided over the outer 4 feet of leading edge. The
root hardware and reinforcement are the same, exccpt for the
difference in contour, as those of the current UH-1D/H blade;
the tip nardware and trim tab are identical to those of the
current blade, but the trim tab is not riveted.

Design 2

This concept is illustrated in Figure 3. The basic blade
consists of a spar constructed from two formed stainless
steel sheet parts, bonded together with the airfoil shape
completed by a glass-fiber-reinforced plastic afterbody.

For section balance, a stainless steel ballast bar is bonded
into the nose. Because the nose skin is a heavy stainless
steel sheet, additional protection against abrasion and
erosion is not required. To facilitate carving of the core,
the modified airfoil section described in Decsign 1l is
utilized.

The basic spar structure is a stainless steel box beam, in

two parts adhesively bonded together. These two parts are

the thick nose skin, formed to contour, and the channel-
shaped shear web whose flanges fit inside the nose skin,
closing the box. For balance, an extruded or drawn stainless
steel ballast bar, supported by a stainless steel channel,

is bonded into the nose. So that the almost flat underside

of the box beam is not buckled in compression by the static
droop bend_.ng moment, a partial-span channel-section stiffener
is bonded between the upper and lower sides, at the root,
extending beyond the root reinforcement doublers. To provide
mass and stiffness taper corresponding to that of the current
blade, the nose skin is tapered in plan, from wide at the

root to narrow at mid-span, remaining constant from there to
the tip, and the flanges of the nose ballast support channel
are tapered in the reverse direction. To simplify manufacture,
the nose ballast bar is not tapered.

The aft section is made up of a pair of glass-fiber-reinforced
plastic skins, laid up basically from three plies, one of
which has its warp parallel to the span and the other twc
+45° from it. These skins are supported by a polyvamide paper
("Nomex") honeycomb core, and the trailing edge is completed
by a unidirectional glass-fiber plastic molded spline. The
aft skins are locally thickened at their forward edges by
additional plies, to match the thickness of the stainless
steel nose skins; this added thickness is carried to the
trailing edge in the reqgion under the root doublers. The

|
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trailing edge spline is taperl to provide sufficient in-plane |
stiffness at the root, and tc allow correct forward location |
of the section center of gravity at the tip. The location of 1
the spar shear web is sufficiently far aft that the honeycomb f
core can be carved using purely straight cuts.

i the current blade, except for the slight change in contour.
At the tip, adjustable balance weights and the forward tip
cover are supported by a formed sheet-metal bracket, while
the aft section is closed by a formed sheet-metal or molded 4
pla~tic rib. The trim tab is longer, in the span direction, '
and narrower than the current trim tab, the better to dis-

tribute tab loads into the relatively light aft structure.

The trim tab is split into two segments for ease of adjustment.

; The root hardware and reinforcement are identical to those of i
3

Design 3

The unique feature of this concept, which is shown in Figure 4,
is the internal shear web providing the shear path between the
trailing-edge spline and the main spar. By utilizing this
internal structure, the skins can be relatively light,
carrying loads induced only by their own mass and stiffness.
The main spar is an aluminum extrusion with a heavy nose mass
for integral balance, as in Design 1. An aft-projecting tab
extruded integral with the aft wall of the spar provides the
surface to which the chord-plane shear web is bonded. The
trailing edge spline is also extruded aluminum alloy, and is
machined along the forward face to provide tapered in-plane
bending stiffness and chordwise balance. The forward face is
machined with a step to accept the shear web.

T em——

The aft skins are formed from two plies of glass-reinforced
plastic oriented +45° from the span axis. The skins are
supported by two cores of "Nomex" honeycomb, separated along

f the chord line by the internal shear web. To facilitate

E carving of these cores, the modified airfoil section described
: in Design 1 is utilized.

Except for the difference in contour, the root reinforcement
is the same as that of the current blade. A formed sheet
metal bracket supports the adjustable tip weights and forward
tip cover, while a formed sheet metal or molded plastic tip
rib closes the aft section. Because of the light plastic aft
skins, the high-aspect-ratio segmented trim tab of Design 2

is used. For protection against abrasion and erosion, a
cobalt alloy abrasion sheath is provided over the outer 4 feet
of the leading edge, the same as that proposed for Design 1.
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Design 4

This concept is illustrated in Figure 5. The basic hlade is
formed from two aluminum alloy extrusions, bonded together
just aft of the quarter-chord. The root retention doublers
and grip plates are common to the present blade, while the
outboard 4 feet are protected by a cobalt alloy abrasion
sheath similar to that installed on the current blade. Be-
cause there is no aft core, contour is not critical in manu-
facture, and the standard NACA 0012 airfoil section used on
the current blade is retained to avoid even small changes in
aerodynamic behavior.

The nose balance weight is extruded as an integral part of
the spar, as in Designs 1 and 3. Section balance requires
that the walls of the aft section be so thin that they are
unachievable by extrusion, so that they must be reduced sub-
sequently to the desired thickness. This additional operation
is expensive and significantly increases the cost of the part.

Because the blade is constructed of extrusions, no taper is
possible in structural or mass properties, so that the in-
plane bending stiffness cannot be maintained as high at the
root as that at the root of the current blade without creating
weight and balance problems outboard. Therefore, in order to
provide sufficient in-plane stiffness inboard, the aft
fingers of the four doublers, top and bottom, which lie under
the drag plates, are extended outhoard beyond the forward
tips. In all other respects, the root reinforcement is
identical with that of the current blade.

The tip cover is similar to that of the current blade, and
the cover and adjustable tip balance weights are supported
by a formed sheet metal bracket, similar to the configuration
of Design 2. The trim tab is identical to that of the cur-
rent blade, except that it is bonded only, without rivets.
The aft section is closed at the tip by a formed aluminum
alloy rib riveted and bonded in place.

Although this particular concept showed promise of being the
most economical because the basic blade consists of two parts
only, the necessarily thin walls of the aft section make it
prohibitively expensive, if not impossible, to manufacture.
For weight and balance reasons, the aft section walls cannot
be thicker tharn .025 inch, but the winimum extrudable
thickness in this size of closed section is .156 inch, and
the tolerance due to die wear and mandrel float would be
greater than .020 inch. In consequence, the walls would
have to be milled to the desired thickness after extrusion,
and because of the broad tolerance band, the amount to be
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milled away would vary according to the local extruded thick-
ness. The part cannot, therefore, be finished by any process,
such as chemical milling, which removes a constant amount of
material from all surfaces. Further complicating the problem
is the impracticality of chemically milling the interior,
which cannot be conveniently vented.

In the light of the above considerations, no further investi-
gation of De-~ign 4 was undertaken after the technical analysis
was completed and a preliminary manufacturing study disclosed
the wall thickness problem described above. Further con-
sideration of Design 4 was, therefore, dropped from this

study.
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INTERCHANGEABILITY

An essential characteristic of an expendable blade is that it
should be possible to remove any blade from the aircraft and
replace it with a new one, and achieve (with a minimum of
difficulty) acceptable balance and track compatibility with
the other blade (or with all the other blades of a multi-
blade rotor). This compatibility is in two phases, the first
of which is mass balance interchangeability, while the second
is equality of aerodynamic forces and moments.

To accomplish mass balance interchangeability, a procedure is
suggested here which has been successfully followed on several
production series of helicopter rotor blades. This procedure
has been demonstrated to reduce out-of-balance forces, due to
manufacturing weight variations, to below perceptible levels,
and to eliminate the need for balance weight adjustment after
the blades are installed on a rotor. Two essential param-
eters, the spanwise mass moment and the chordwise dynamic
mass axis (the span-weighted chordwise center of gravity),

are controlled during manufacture by this procedure.

The balancing procedure is performed in three stages: first,
the component parts are selected by weight, prior to assembly,
so that the range of adjustment is not exceeded; second, a
preliminary calculation is performed to determine balance
weight requirements; and third, the blade is physically
balanced against a master to bring the final balance param-
eters within the accuracy reguired. This last step is
limited to spanwise moment balance, because the dynamic axis
cannot be physically determined on a static fixture.

To allow the final, physical balance step, adjustable weights
are installed in the tip in two locations equidistant, fore
and aft, from the desired dynamic axis. (A possible installa-
tion is shown in Figure 3.} Thus, by making equal changes to
both stacks of adjustable weights from the requirement deter-
mined by calculation, the calculated dynamic axis will be
undisturbed. It can be shown that even for the grossest
errors that can be introduced during the selection stage, the
physical correction of the spanwise moment will also correct
the dynamic axis to within .010 inch of nominal. This
variation is insignificantly small in comparison to contour
and twist variations.

Controlling the dynamic axis, where each element of mass is
considered to have an effect proportional to the centrifugal
force acting on it, is a much more effective method of
achieving mass balance interchangeability than by controlling
the static center of gravity position. This is true even
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when the limits of accuracy are those resulting from a series
of calculations. The effect is analogous to controlling the
moment about the center of rotation rather than the radius to
the center of gravity. The method of selecting components
before assembly, however, ensures as a by-product t!at the
chordwise location of the static center of gravity varies
very little from blade to blade.

g

Under this procedure, the total weight will vary from blade
to blade due to manufacturing tolerance, within the limits
prescribed by the tip balance adjustment and the component
selection procedure. The spanwise moment and product of
inertia, respectively, about the center of rotation will each
be identical for all blades, but the moment of inertia may k
vary slightly. Equality of spanwise moments will ensure that :
all blades will fly to the same flapping angles if they all
have the same lift distribution, while equality of dynamic
axes (the quotients of products of inertia divided by span- :
wise moments) will ensure that the twisting moments due to i
centrifugal force and flapping inertia will be equalized
between blades. The latter condition eliminates any rotor
frequency load variation in the cyclic control system due to

e Y T T TR T

differences in blade pitching moments, and minimizes inequal- ?
ities in lift distribution due to differences in torsional '
deflection.

The component weighing and selection can be accomplished as
part of the inspection procedure, while the physical kalancing
; is simplified by correcting the moment about one axis only.

i This method of dynamic balancing, therefore, adds nothing to

‘ the cost burden on the blade.

Aerodynamic equalization can be accomplished by any standard
tracking procedure, either on the aircraft or on a tower, by
adjusting the trim tab to compensate for variations in con-

: tour and the pitch link to compensate for variations in twist.
A Since dynamic balancing will have been accomplished previously,
; there will be no necessity to adjust tip weights during

' tracking. The usual sweeps through the pitch range and
through the speed range will be all that is required.
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DETAIL DESIGN ANALYSIS

The design concepts studied for the expendable main rotor
blade were analyzed for their structural and dynamic ~harac-
teristics, to determine their compatibility with the UH-1D/H
airframe and missions. Natural frequencies, flight bending
moments, and stress levels were determined. To compare sur-
vivability rates, an analysis of failure modes and effects
was performed for the current blade and for the three con-
figuratiors showing the most promise of the four in this
study. A previous study (Ref. 1) showed that root designs
other than a built-up reinforcement, similar to that of the
current UH-1D/H main rotor blade, offer little if any cost
advantage. Consequently, the decision was made to use the
built-up laminated root design of the current blade, and the
basic blade configurations studied are all compatible with
this root. The detail design analyses are concerned, there-
fore, with the dynamic and structural properties of the basic
blade cross section, and the assumption is made that the
structural characteristics of the roots of the four blade
concepts studied herein are equal to those of the current
blade root.
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SEZTION PROPERTIES

The basic blade configurations, illustrated in Figures 2
through 5, were all desigr d to have section properties
(weight Adistribution, center-of-gravity location, structural
neutral axis, and flapwise and in-plane bending stiffnesses)
as close as possible to those of the current UH-1'' main rotor
blade. The differences in dynamic and structural character-
istics between the study concepts and the current blade were

thus minimized.

The contractor's computer program for computation of section
properties was used, after first using the same program for
the current blade to provide a valicd basis for comparison.
The section properties computed for the current blade are
plotted as broken lines on each of the fiqures, for direct

comparison.

Figures 6 through 10 present, respectively, the section weight
distribution, center of gravity, structural neutral axis, and
flapwise and in-plane bending stiffnesses of Design 1.

Figures 11 through 15 present the same properties of Design 2,
Figures 16 through 20 those of Design 3, and Figures 21
through 25 those of Design 4.

For each design concept, the root reinforcement was assumed

to have properties similar to those of the current blade, and
this assumption is reflected in the curves, at the inboard end
of each figure. For Designs 1, 3, and 4, two sets of figures
are plotted. These figures differ outboard of Station 240.0,
where the solid line indicates the change due tc the addition
of the abrasion sheath, and the chain-dotted line represents
the simple, unprotected basic blade.

Inboard section properties were computed at Station 82.0,
immediately outboard of the root doublers, and Station 210.0
was used for the outboard reference section, beyond which the
blade is essentially constant. For Design 2, the section
properties were also obtained at Station 160.0, the end of the
nose skin taper, and for Designs 1, 3, and 4, the abrasion
sheath was incorporated at Station 245.0. Inboard of Station
82.0, the curves were faired into those for the current UH-1H
blade.
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